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(57) ABSTRACT

The invention relates to a method for controlling the tempera-
ture of a glow plug (1), wherein a setpoint temperature (T __ )
1s used to determine a setpoint value (R__,) of a temperature-
dependent electric variable and an effective voltage (U_,)
which 1s generated by pulse width modulation 1s applied to
the glow plug (1) and 1s used as correcting variable. Accord-
ing to the mvention, it 1s provided that a mathematical model
(4) 15 used to calculate an expected value (R ) of the electric
variable, the electric variable 1s measured, a first error signal
¢, (1) 1s generated by evaluating the calculated value (R ), a
value calculated trom the eftective voltage (U, ;) and the error
signal (e,(t)) 1s used as the input variable of the mathematical
model (4), wherein the mathematical model (4) uses the input
variable to calculate an output variable (X) which defines the
expected value (R ) of the electric variable, and wherein the
output variable (X) of the mathematical model (4) 1s used to
calculate a corrected value for the etfective voltage (U,_,) and
the effective voltage (U_ ) 1s changed to the corrected value.

15 Claims, 1 Drawing Sheet
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METHOD FOR CONTROLLING THE
TEMPERATURE OF A GLOW PLUG

The 1nvention relates to a method for controlling the tem-
perature of a glow plug, wherein a setpoint temperature 1s 5
used to determine a setpoint value of a temperature-depen-
dent electric variable and an effective voltage which 1s gen-
erated through pulse width modulation 1s used as correcting
variable.

Usually, methods for regulating or controlling the tempera- 10
ture of a glow plug use the electric resistance or—this being,
equivalent—the electric conductance as setpoint value. As a
matter of principle, however, 1t 1s also possible to use other
temperature-dependent electric variables, for example the
inductance, 1n the stead of the electric resistance or the elec- 15
tric conductance.

It 1s an object of the mvention to present a way of how the
temperature of a glow plug can be quickly controlled to a

setpoint value while the engine 1s running.
20

SUMMARY OF THE INVENTION

Contrary to conventional PID control methods, the control
method according to the mvention does not compare a set-
point value of a temperature-dependent electric variable with 25
an actual value nor does i1t change the eflective voltage 1n
relation to the instantaneous deviation and perhaps a previous
deviation. Rather, a method according to the invention uses a
mathematical model of a glow plug, said mathematical model
being used to calculate an expected value of the electric 30
variable. This model 1s based on feedback to the controlled
system containing the glow plug, 1.e. the correcting variable 1s
changed in relation to the result of a comparison based on the
output variable of the model and the setpoint value in order to
reach the desired setpoint temperature or the desired setpoint 35
value. Hence, the feedback required for a control 1s achieved
via the output of the mathematical model, at which the output
variable delivered by the model 1s provided.

An error signal which 1s used together with the value of the
clfective voltage to calculate an 1nput variable for the math- 40
ematical model 1s generated by evaluating the calculated
value, preferably by comparison with the measured value.
Based on this input vanable, the mathematical model calcu-
lates an output variable which defines the expected value of
the electric variable. 45

Therein, the output variable of the model can directly be the
expected value of the electric variable or just define said
value, with the result that the expected value 1s determined
from the output variable by means of a further calculation
step, for example by multiplication by a constant factor. 50
According to this, the comparison to be drawn on the basis of
the output variable and the setpoint value can be made by
comparing variables, for example voltage values, which are
calculated from the setpoint value and the output variable or
by comparing the setpoint value directly with the expected 55
value.

The error signal 1s used to correct any modeling errors.
Without external influences, 1.e. interferences, the calculated
value, therefore, finally 1s 1dentical with the measured value
alter a time period the duration of which 1s dependent on the 60
precision of the mathematical model. If there are interfer-
ences 1n the temperature of the plug, then this results 1n a
deviation of the calculated variable from the measured vari-
able. Since the input variable of the mathematical model 1s
dependent on both the calculated value and the measured 65
value, for example the difference between the measured and
calculated values, the mathematical model follows the glow

2

plug even then, 1.e. the calculated value approximates the
measured value even 11 interferences occur.

Interferences 1n the temperature of the plug can be cor-
rected by means of a control method according to the inven-
tion much faster than this 1s possible with conventional con-
trol methods. That 1s to say that, according to conventional
PID methods, the change 1n the correcting variable 1s not only
dependent on the instantaneous deviation between the actual
value and the setpoint value but also on previous deviations (I
and/or D portion). Usually, however, interferences have noth-
ing to do with previous deviations, with the result that the
consideration of previous deviations often 1s no help 1n the
treatment of interferences. On the other hand, even a mere
proportional control can neither be used to achieve good
results because the characteristic properties of a system can
be included therein only poorly. In contrast, the control
method according to the mvention allows efficient and fast
temperature control both 1n interference-free cases and in
case interierences are occurring.

The mathematical model which 1s used to calculate an
expected value of the electric variable can, for example, be
formulated as a linear differential equation. In the simplest
case, the mathematical model contains only two parameters

which are characteristic of a given glow plug and the 1nstal-
lation environment thereof. The first constant 1s used to
weight the current value of the variable to be calculated, a
second constant 1s used to weight the correcting variable, that
1s the effective voltage.

In a method according the invention, the electric resistance
or—this being equivalent—the electric conductance is, pret-
crably, used as the temperature-dependent electric variable.
Therein, the electric resistance or the electric conductance,
respectively, of the glow plug can be used including feed
lines. But, as a matter of course, it 1s also possible to take the
clectric resistance or the conductance, respectively, of the
glow plug into consideration without any contributions of
teed lines. As an alternative or in addition, it 1s also possible
to use the inductance as the temperature-dependent electric
variable.

An advantageous further development of the invention pro-
vides that a second error signal which 1s used to correct the
setpoint value of the electric variable, for example the set-
point resistance, 1s generated by evaluating the calculated
value. In this manner, the influence of interterences which are
caused by vehicle operation while the engine 1s running can
be treated even better. That 1s to say that, by adding a correc-
tion to the setpoint value, an interference can be compensated
with particular efficiency and the desired setpoint tempera-
ture can be reached particularly quickly. If, for example, the
interference causes an additional heating of the glow plug, 1.¢.
an icrease 1n temperature, the desired setpoint temperature
can be reached more quickly by taking a somewhat smaller
setpoint value as a basis for converting the setpoint value 1nto
a value of the effective voltage. In this manner, the additional
energy input of an interference can be compensated by a
lower heat output. For example, the correction of the setpoint
value can be determined by means of a family of character-
1stics, from which a selection 1s made with the second error
signal and the setpoint temperature or a setpoint value deter-
mined from the setpoint temperature being taken into consid-
eration. That 1s to say that a second feedback 1s carried out
with the second error signal.

This second feedback results in the fact that, according to
the method, there are actually two control circuits each of
which contains one control system containing the glow plug.
A first control circuit 1s generated by the feedback of the
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output of the mathematical model. A second control circuit is
generated by the feedback of the second error signal.

The second error signal can be generated by comparing the
calculated value with the measured value, for example by
calculating the difference, with the result that the second error
signal 1s proportional to the difference between the two val-
ues.

However, it 1s also possible to determine the second error
signal by using a further mathematical model of the glow
plug, wherein the value of the effective voltage applied to the
glow plug 1s used as the mput variable of the further math-
ematical model and the second error signal 1s generated by
comparing the output variables of the two models. That 1s to
say that, according to this procedure, the input variable of the
first model 1s dependent on both the effective voltage and the
measured value whereas the input variable of the second
model 1s only dependent on the effective voltage. Preferably,
the two mathematical models are 1dentical, which means that
they carry out the same arithmetic operations with an input
variable.

Surprisingly, the described use of two mathematical mod-
¢ls 1s to advantage 1n that modeling errors have less influence.
This 1s to advantage 1n that the quality of the control 1s less
influenced by changed conditions, for example by the use of
a given glow plug 1n a different engine or by a change of the
glow plug type 1tself. The complexity of determining suitable
parameters for the mathematical model of the described
method can, therefore, be reduced, for example by appropri-
ate trials, said complexity sometimes being considerable.

Apart from the method described above, the present inven-
tion also relates to a glow plug control unit which applies a
method according to the mvention during operation. Such a
glow plug control unit can, for example, be realized by means
of amemory and a control unit, for example a microprocessor,
wherein a program which applies the method according to the
invention during operation is stored in the memory. The hard-
ware components of such a glow plug control unit can be
identical with the hardware of commercially available glow
plug control units.

BRIEF DESCRIPTION OF THE DRAWINGS

Further details and advantages of the mvention are illus-
trated by means of exemplary embodiments and with refer-
ence being made to the accompanying drawings. Therein,
identical elements and elements which are corresponding to
cach other are provided with 1dentical reference symbols. In
the drawings,

FIG. 1 shows a schematic diagram of an exemplary
embodiment of a control method according to the invention;
and

FIG. 2 shows a further exemplary embodiment of a control
method according to the invention.

DETAILED DESCRIPTION

FIG. 1 shows a schematic diagram of the flow of a method
tor controlling the temperature of a glow plug 1. In the control
method shown, an effective voltage U_, which 1s generated
from the electric system voltage of a vehicle through pulse
width modulation 1s used as correcting variable. In the exem-
plary embodiment shown, the controlled variable used 1s the
electric resistance R of the glow plug 1. It 1s also possible to
use any other temperature-dependent electric variable or a
vector with a plurality of variables.

In the control method shown 1n FIG. 1, a first step consists
of using a specified setpoint temperature T, to determine a
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., of the electric resistance of the glow plug,
for example by means of a family of characteristics 2. The
setpoint value R __, 1s then taken to determine a value for the
eftective voltage U, -which 1s applied to the glow plug 1. The
conversion ol the setpoint value R, into a value for the
eftective voltage U_.can, for example, be made by means of
a pre-filter 3 or a characteristic curve.

A mathematical model 4 1s used to calculate an expected
value R of the electric resistance from the etfective voltage
U_rapplied to the glow plug 1. The mathematical model 4
could directly deliver the expected value as output variable.
However, 1n the exemplary embodiment shown, the model 4
delivers an output variable X which 1s used to calculate the
expected value R | of the electric variable 1n a further step 4a,
preferably by multiplication by a constant.

By evaluating the calculated value R, a first error signal
¢,(t) 1s generated 1n a method step 5. To achieve this, the
calculated value R, 1s compared with a measured value R of
the resistance. To calculate the first error signal ¢, (), 1t 15, for
example, possible to subtract the calculated resistance value
R _ from the measured resistance value R, as indicated by the
minus sign (—) in FIG. 1. The result of such a calculation can
be weighted with a suitable factor which can be determined
empirically. The first error signal e, (t) 1s then proportional to
the difference between the measured resistance value R and
the calculated resistance value R.,.

The value used as the mput variable of the mathematical
model 4 15 a value calculated from the value of the effective
voltage U_cand the first error signal €, (t). Such a mathemati-
cal model 4 the mput vaniable of which 1s dependent on a
comparison between a calculated value and a measured value
1s referred to as Luenberger observer.

The output variable X of the mathematical model 4 and the
setpoint value R __, are used to calculate a corrected value for
the eftective voltage U, . The effective voltage U_1s then
changed to the corrected value. If the output variable X 1s, at
the same time, the expected value R _, the output variable can
be directly compared with the setpoint value R__, and the
eftective voltage U_ -can be changed according to the result of
the comparison, for example proportional to the amount of
the difference. In general, it 1s suflicient to feedback the
output of the model 4 to an 1nput of a controller, that means to
carry out a feedback of the model output.

I1 the output variable X does not correspond to the expected
value R, this being the case 1n the exemplary embodiment
shown, the output variable X 1s, mitially, used to calculate a
resistance value or a voltage value 1n a method step 6 which
can be referred to as state controller or feedback matrix. In
this method step the setpoint value R__, or a vaniable deter-

sel
mined from the setpoint value R

4
setpoint value R

. 1.€. the present effective
voltage U_,, 1s compared with said calculated resistance value
or voltage value. The ettective voltage U 1s changed accord-
ing to the result of this comparison. Therein, a voltage value
which 1s proportional to the difference between the setpoint
value R __, and the calculated value R 1s, preferably, added to
the instantaneous value of the effective voltage (U, 2). The
comparison and the change in the effective voltage U_, 1n
relation to the difference determined therein are shown as
method step 7 1n FIG. 1.

A second error signal e,(t) which 1s used to correct the
setpoint value R ___ 1s determined by evaluating the calculated
value R,. To achieve this, the setpoint value R, determined
from the setpoint temperature T__, 1s used together with the
second error signal e,(t) to determine an adjusted setpoint
value, for example by means of a family of characteristics 8.
Preferably, a correction of the setpoint value R__, 1s deter-
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mined therein, said correction being added to the setpoint
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value R __,, as this 1s indicated by the method step 9 in FIG. 1.

Subsequently, the corrected setpoint value 1s converted 1nto a

value for the eftective voltage U_ tor example by means ot a
pre-filter 3 or a characteristic curve. As the case may be the
value of the eftective voltage U, .thus determined 1s adjusted
in the method step 7, with the output variable X being taken
into consideration.

A differential equation, more particularly a linear differen-
tial equation, can be used as the mathematical model 4. For
example, the following calculation rule can be used as the
model 4: dR/dt=A-R+B-U_1). In general, 1t 1s also possible
to use another electric variable or a vector from a plurality of
clectric variables as the controlled variable x 1n the stead of
the resistance R, with the result that the mathematical model
can be written 1n a more general form, 1.e. dx/dt=A-x+B-u(t),
wherein u 1s the correcting variable.

The calculation of a voltage value from the output variable
X of the model 4 can, for example, be determined by multi-
plication by a constant the value of which can be determined
by trial and error.

In the exemplary embodiment shown, the second error
signal e,(t) 1s determined by comparing the measured value
with the calculated value, similarly to the first error signal
e, (t), for example by calculating the difference and multiply-
ing the difference by a weighting factor.

The control method according to the invention actually
contains two control circuits. A first control circuit contains
the glow plug 1 and the model 4; 1n the exemplary embodi-
ment shown, this first control circuit contains the glow plug 1,
the method step 5, the model 4, and the method steps 6 and 7.
A second control circuit contains the glow plug 1 and the
teedback of the second error signal.

FI1G. 2 shows a further exemplary embodiment of a method
for controlling the temperature of a glow plug 1. Primarily,
this method differs from the aforementioned method which
has been illustrated by means of FIG. 1 1n that the value of the
eftective voltage U_. applied to the glow plug 1 1s used to
calculate an output Varlable X2 by means of a further math-
ematical model 10 of the glow plug 1. Therein, the calculation
rules of the two models 4, 10 can be 1dentical. In the second
model 10, however, the etfective voltage U, applied to the
glow plug 1s directly used as the input variable whereas, 1n the
first model, the imnput variable 1s calculated from the first error
signal e, (t) and the effective voltage U_.

In the exemplary embodiment shown 1n FIG. 2, the second
error signal e,(t) 1s determined by comparing the output vari-
ables X, X2 of the two models 4, 10, for example by calcu-
lating the difference, as this 1s indicated in F1G. 2. 'To calculate
the second error signal e,(t), the amount of the difference can
be multiplied by a constant factor. In the second exemplary
embodiment, the second error signal e,(t), therefore, 1s the
difference between the two output vanables X, X2.

REFERENCE SYMBOLS

1 Glow plug

2 Family of characteristics
3 Pre-filter

4 First model

da Method step

> Method step

6 Method step

7 Method step
8
9

Family of characteristics
Method step
10 Second model

U,_Effective voltage
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T . Setpoint temperature
R Setpoint value

R Expected resistance

R Measured resistance

¢, (1) First error signal

e,(t) Second error signal

X Output vaniable of the first model

X2 Output variable of the second model

What 1s claimed 1s:
1. A method for closed-loop controlling the temperature of
a glow plug, wherein

a) a setpoint temperature 1s used to determine a setpoint
value of a temperature-dependent electric variable, and

b) an eflective voltage which 1s generated by pulse width
modulation 1s applied to the glow plug, wherein

¢) a mathematical model comprising a linear differential
equation, which calculates an output vanable from an
input variable and provides the output variable at 1ts
output, 1s used to calculate an expected value of the
temperature-dependent electric variable,

d) a measured value of the temperature-dependent electric
variable 1s measured,

¢) a first error signal 1s generated by comparing the calcu-
lated expected value of the temperature-dependent elec-
tric variable with the measured value of the temperature-
dependent electric variable,

1) value calculated from the effective voltage and the first
error signal 1s used as a new input variable of the math-
ematical model, wherein the mathematical model calcu-
lates a new output variable from the new input variable,
said new output variable defining a new expected value
of the temperature-dependent electric vaniable, and

o) the new output vaniable of the mathematical model and
the setpoint value of the temperature dependent electric
variable are used to calculate a corrected value for the
clfective voltage and the eil

ective voltage 1s changed to
the corrected value thereby controlling the temperature
of the glow plug,

h) wherein the closed-loop controlling method repeats

itself starting at step d.

2. The method according to claim 1, wherein the tempera-
ture-dependent electric variable 1s an electric resistance.

3. The method according to claim 1, wherein the output
variable 1s proportional to the expected value of the electric
variable.

4. The method according to claim 1, wherein to calculate
the corrected value for the effective voltage, a value calcu-
lated from the output vaniable 1s compared with the setpoint
value or with a variable determined from the setpoint value
and the extent of the change in the effective voltage 1s the
greater, the greater the difference determined 1n the compari-
SOn.

5. The method according to claim 1, wherein the corrected
value for the effective voltage 1s calculated by adding a volt-
age value which 1s proportional to the difference between the
setpoint value and the calculated value to the instantaneous
value of the effective voltage.

6. The method according to claim 1, wherein a second error
signal which 1s used to correct the setpoint value 1s generated
by evaluating the calculated value.

7. The method according to claim 6, wherein the second
error signal 1s generated by comparing the calculated value
with the measured value.

8. The method according to claim 7, wherein the second
error signal 1s proportional to the difference between the
calculated value and the measured value.
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9. The method according to claim 6, wherein use 1s made of
a further mathematical model of the glow plug, wherein the
value of the eflective voltage applied to the glow plug 1s used
as the mput variable of the further mathematical model and
the second error signal 1s generated by comparing the output
variables of the two models.

10. The method according to claim 9, wherein the second
error signal 1s proportional to the difference between the two
output variables.

11. The method according to claim 9, wherein the two
mathematical models are identical.

12. The method according to claim 6, wherein the second
error signal and the setpoint value are used to determine a
correction of the setpoint value by means of a family of
characteristics.

13. The method according to claim 1, wherein to calculate
the input variable, the first error signal 1s combined with the
value of the effective voltage 1n an additive manner.

14. The method according to claim 1, wherein the tempera-
ture-dependent electric variable 1s an electric conductance.

15. The method according to claim 1, wherein the tempera-
ture-dependent electric variable 1s an inductance.
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